A B S T R A C T We used patch clamp techniques to identify and characterize a variety of K + channels in primary human peripheral T lymphocytes. The most common channel observed in cell-attached configuration was voltage gated and inactivating. In ensemble averages, the kinetics of its activation and inactivation were similar to those of the whole-cell, voltage-gated K ÷ current described previously (Cahalan, M. suggesting that this channel underlies the major portion of the outward current in lymphocytes. A small fraction of the time, this or another very similar channel was observed to inactivate significantly more slowly. Another channel type observed in cell-attached recording was seen less frequently and was transient in its appearance. This channel has a unitary conductance of ~ 10 pS, similar to the voltage-gated channel, but its voltage-independent gating, lack of inactivation, and different kinetic parameters showed it to be distinct. In whole-cell recording there is often a significant plateau current during sustained depolarization. Experiments using whole-cell and excised outside-out configurations indicate that at least part of this residual current is carried by K + and, as opposed to the predominant voltage-gated current, is charybdotoxin insensitive. These findings are consistent with evidence that implicates charybdotoxin-sensitive and -insensitive components in T lymphocyte proliferation and volume regulation.
INTRODUCTION
Circulating primary human T lymphocytes initiate and direct the specific response of the immune system to antigenic challenge. This response includes clonal expansion of antigenically restricted T cell populations and the elaboration of growth factors that control the growth and function of both T cells and antibody-producing B lymphocytes. The molecular mechanisms underlying these processes include control of ion movements. In the past few years new techniques have greatly expanded our understanding of lymphocyte physiology and biophysics (for review, see Grinstein and Dixon, 1989) . In particular, the application of patch clamp methods to cells of the immune system has revealed a variety of ionic conductances (for review, see Gallin, 1991) . Subsequent studies have explored and confirmed the role of ionic conductances in immune cell functions (for review, see Grinstein and Dixon, 1989; Price et al., 1989; Lewis and Cahalan, 1990; Gallin, 1991) .
The most prominent and best characterized conductance in human T lymphocytes is conferred by a voltage-gated K ÷ channel Matteson and Deutsch, 1984; Cahalan et al., 1985; Deutsch et al., 1986 Deutsch et al., , 1991 . This K ÷ conductance has been shown to contribute to the membrane potential of human T cells (Grinstein and Smith, 1990 ) and to be the major cation pathway in volume regulation of these cells subsequent to hypotonic shock Lee et al., 1988; Grinstein and Smith, 1990) . It has also been demonstrated that pharmacological block of this K ÷ conductance inhibits mitogen-stimulated proliferation of T cells Deutsch et al., 1986; Price et al., 1989) , at least in part because of effects on gene expression and elaboration of the autocrine growth factor, interleukin 2 (Price et al., 1989; Freedman et al., 1991) .
Important issues remain concerning K ÷ movement in T lymphocytes and the role of K ÷ channels in cell function. First, although the whole-cell, voltage-gated K ÷ current is well described, relatively little is known about this current at the singlechannel level. Second, the mechanism by which the voltage-gated K + conductance supports cell proliferation is still unclear. Third, charybdotoxin (ChTX), a potent and specific blocker of the voltage-gated K ÷ conductance (Price et al., 1989; Sands et al., 1989) does not inhibit stimulated T cell proliferation and interleukin 2 secretion as effectively as the less specific K ÷ channel blockers (Price et al., 1989; Freedman et al., 1991) , suggesting that other K ÷ pathways may have a role in these processes. Among the possibilities are a Ca2+-activated K + conductance that has been difficult to demonstrate directly in T cells (Tsien et al., 1982; Wilson and Chused, 1985; Grinstein and Smith, 1990; Grissmer and Cahalan, 1991) , and a different, ChTXinsensitive K ÷ efflux pathway that participates in volume regulation (Grinstein and Smith, 1990) .
To address these questions the present work aimed to identify and characterize the voltage-gated K ÷ channel and to search for other K÷-carrying channel types in normal human T lymphocytes. Using high-gain patch and whole-cell recording techniques, we acquired evidence for three distinct types of outward unitary K ÷ current.
A preliminary account of this work has been presented .
MATERIALS AND METHODS

Cell Preparation and Culture
Blood was drawn from healthy adult human donors and peripheral blood mononuclear cells (PBMC) were isolated on a discontinuous Ficoll-Hypaque gradient as described previously (Deutsch et al., 1986) . In some cases, the leukocyte byproduct of plateletpheresis was obtained from the Philadelphia Red Cross and PBMC were isolated in essentially the same manner.
When needed, bulk populations of purified T lymphocytes were produced by E-rosetting of PBMC with neuraminidase-treated sheep red blood cells . PBMC were cultured in minimal essential medium supplemented with 10% human AB serum, nonessential amino acids, 2 mM glutamine, 100 ~g/ml streptomycin, and 100 U/ml penicillin. Cells were incubated in siliconized glass tubes at 0.5 × 106/ml in a 5% CO2 incubator at 37°C. Quiescent cells were maintained in culture and used for electrophysiological experiments for up to 3 d after isolation with no change in cell morphology or observed ion currents.
Preparation of Cells for Electrophysiology
PBMC were removed from culture and T lymphocytes were selectively adhered to bacterial grade 35-ram plastic Petri dishes (Falcon 1008, Becton Dickinson, Lincoln Park, NJ; or Coming 25050, Coming Glass Inc., Coming, NY) by the antibody procedure described previously (Matteson and Deutsch, 1984; Deutsch et al., 1986) . Briefly, PBMC were incubated with a murine monoclonal antibody (Anti-Leu-5b; Becton Dickinson Immunocytometry Systems, Mountain View, CA) specific to the CD2 surface marker found on all human peripheral blood T lymphocytes. These cells were then selectively adhered to a plastic dish that had been preadsorbed with a goat antibody directed against murine IgG (product 4150; Tago, Inc., Burlingame, CA).
At other times, we wanted to prevent cell attachment to the dish. To generate such "floaters," we pretreated the dish with phosphate-buffered saline containing 5% fetal bovine serum. Conversely, to attach cells more tightly than the antibody-mediated procedure usually accomplished, we permitted cells to settle onto a clean tissue culture grade plastic Petri dish (Coming 25000; Coming Glass Inc.) in the absence of protein. All healthy iymphocytes will attach to the surface under these conditions. The method of attachment used in these studies did not affect the properties of the K + currents.
Electrophysiology
Standard patch clamp methods were used (Hamill et al., 1981; Deutsch et al., 1986) . In all cases data were acquired with a List EPC-7 patch clamp amplifier (List Electronic, Darmstadt, Germany) controlled by a custom hardware/software system running on a PDP-I 1 computer (Digital Equipment Corp, Marlboro, MA) . Some of the time the EPC-7 output was also sent to a digitizing VCR tape system based on a Sony PCM-501ES digital audio processor (after Bezanilla, 1985) . Where needed, data were then recovered from the tape and analyzed off-line on the PDP-11 or on a 386SX-based PC using pCLAMP software (versions 5.5 or 5.5.1; Axon Instruments, Inc., Foster City, CA). Data were low-pass filtered with the 3-pole, 3-kHz Bessel filter in the EPC-7 or with an 8-pole Bessel filter with adjustable cutoff frequency (902LPF; Frequency Devices Inc., Haverhill, MA). All data are presented with the convention that positive outward current with respect to the cell is an upward deflection.
Three different patch clamp variations were used in these experiments: cell-attached, whole-cell, and excised outside-out. Since the lymphocyte membrane potential is primarily a K + diffusion potential (Deutsch et al., 1979; Wilson and Chused, 1985) , all cells studied in the ceil-attached mode were bathed in 140 mM extracellular K + solution to clamp the cell membrane potential to ~ 0 inV. The trans-patch potential gradient in cell-attached configuration would then be dependent solely on the potential applied to the pipette. This was generally true (however, see Fig. 5 in Results).
The high K ÷ bathing solution contained (mM): 140 KCI, 10 NaCI, 2.5 CaCI2, 1.0 MgCI2, 5.5 glucose, 10 HEPES, and NaOH to pH 7.30 at 295-305 mosM. The pipette solution for cell-attached recording contained standard Ringer's solution in order to maintain the normal trans-membrane K + gradient across the patch. The Ringer's solution contained (raM): 140
Reagents
ChTX was obtained from M. Garcia (Merck, Sharp & Dohme, Rahway, NJ) as a purified toxin from scorpion venom and was made up as a stock solution at 10 p.M with 0.2% (wt/vol) bovine serum albumin, or from C. Miller (Brandeis University, Waltham, MA) as a recombinant protein and made up at 18 p.M in 15 mM sodium phosphate; EGTA, HEPES, and bovine serum albumin were obtained from Sigma Chemical Co.; tetraethylammonium chloride (TEA) was from Eastman Kodak Co. (Rochester, NY) and was recrystallized before use. All salts were reagent grade.
RESULTS
Several types of unitary events were observed in human peripheral blood T lymphocytes using the cell-attached patch clamp configuration.
Voltage-gated Channel
The most prevalent type of unitary event was an outward current that gated with membrane depolarization. Patches exhibiting this type of behavior contained an average of 1.7 -0.9 (SD; n = 70; range 1-4) such channels, but there were many patches with no activity. Threshold for activation of current was approximately -45 mV, as shown in Fig. 1 A. Successively larger depolarizations showed increased current amplitude and decreased latency to opening. The unitary conductance for the patch in Fig. 1 was 8.6 pS, obtained from a linear regression of the current versus voltage plot (Fig. 2) . This value is similar to previous estimates from electrophysiological studies (Cahalan et al., 1985; Deutsch and Lee, 1989; Lee and Deutsch, 1990) . The extrapolated reversal potential was -83.9 mV, consistent with a highly selective K + channel and a calculated K + Nernst potential of -87 InV. The average of three such analyses yielded a unitary conductance of 9.4 + 1.2 pS and an extrapolated reversal potential of -84.0 -5.4 inV. At voltages greater than 0 mV, the current amplitude was no longer linear with voltage.
Generally, channels opened and exhibited prolonged bursting behavior during the first few hundred milliseconds after depolarization. After the burst period, channels closed and rarely reopened during 5 s of maintained depolarization in the range -20 to +50 inV. When the patch was returned to the holding potential, recovery from this inactivated state required many seconds. Although we did not quantify this recovery period, we utilized closely spaced depolarizations to explicitly generate blank records that were used to subtract leak and capacitive current. At voltages near threshold (approximately -45 to -40 mY), channels reopened intermittently throughout the 5-s voltage step, consistent with slower entry into the inactivated state. However, channels in patches held for extended periods at any voltage positive to the threshold became inactivated. To characterize the mean open and closed times of this channel, we used the standard 50% amplitude criterion to assign open and closed events for the patch in Fig. 1 . Table I gives the open and closed state dwell times as a function ofvohage. As shown in Fig. 1 We determined the burst length of open-channel activity as a function of voltage by measuring the time between first opening and final closing for records in which only a single channel opened. Histograms were generated from these data and each was fit with a single exponential (data not shown). The time constants for these fits are given under "Open 2" in Table II . Data for these analyses were acquired from VCR tape recordings of the same patch as Fig. 1 , using a 10-kHz sampling rate and a 1-kHz filter. Dwell times were determined with pCLAMP software (Axon Instruments, Inc.). Extended periods in which one channel was active were the only data used to analyze open and closed dwell times. Because this channel inactivates, it is unlikely that periods showing the activity of a single channel were contaminated with activity of the second channel.
The latency to first opening of this voltage-gated channel was highly dependent on membrane potential (Table II) . Cumulative distributions of first latencies as a function of voltage for the patch in Fig. 1 are shown in Fig. 3 . These data have been normalized to a probability of 1.0 and corrected for a patch containing two channels (Patlak and Horn, 1982) . First opening can occur quite late after the voltage step at -20 mV (median first latency 10 ms), and this delay decreases at +20 mV (median first latency 3 ms). A similar delay in the activation of macroscopic T cell K + current has been noted before (Cahalan et al., 1985; Lee and Deutsch, 1990) . *The number of pulses per summed ensemble at each voltage was 12, 13, 9, and 6 for -20, 0, +20, and +40 mV, respectively. Data were fit with a model of the form
where I is current, t is time, k is an arbitrary scaling factor, and "ta and "ri are the activation and inactivation time constants, respectively. ~Median latency was determined from normalized cumulative distributions of first latencies shown in Fig. 3 . ~Best-fit single exponential to distribution of burst length; only records with a single open channel were used for this determination. IIHalf-rise time for n 4 model is 1.838 times "ra. ~Best-fit single or double exponential to falling phase of ensemble current; where two components gave a better fit, the last number of the triplet is the fraction of the total associated with the longer time constant.
Normalizing the opening probability to 1.0 excludes consideration of channels that did not open. In most patches we studied, the maximum number of channels we observed in the patch would open with every strong depolarization; when consistently fewer than the maximum number of channels opened, it usually signified the imminent or actual permanent loss of a channel.
To deduce the macroscopic properties of this channel, we constructed ensembles of the single-channel currents obtained from the patch shown in Fig. 1 . These results are shown in Fig. 4 with the calculated best-fit time constants superimposed, assuming a fourth power exponential for activation and a single or double exponential function for inactivation, as described previously (Cahalan et al., 1985; Lee and Deutsch, 1990) . Table II latency and open-channel dwell time analyses with the activation and inactivation time constants, respectively, derived from the single-channel ensembles. There is reasonable agreement between the time constants that characterize the open-channel burst length (Open 2) and ensemble/macroscopic inactivation, suggesting that burst length determines the rate of macroscopic inactivation. This correlation is possible only because the first latency is brief compared with the inactivation time constant. However, this comparison should be viewed with the caveat that the data may be biased by selection of periods in which only a single channel was active. Both the median latency and the calculated half-rise time of the ensemble current decreased with increasing depolarization. (Table II) .
A better description of inactivation at positive membrane potentials was sometimes afforded by the inclusion of a second exponential term. This term described a minor current which decayed more slowly than the major current. The minor current comprised 10-30% of the total current. However, in 4 patches out of 70 that showed voltage-gated currents, bursts of activity lasting a second or more were the predominant single-channel activity observed, and this slower component inactivated with a time constant approximately four times longer than normal (data not shown). Except for slower inactivation, these current records were not distinguishable from other voltage-gated currents. Table III summarizes the activation and best-fit single exponential inactivation time constants from five ensemble current sets obtained from five different cells. All of these data were of the most common, fast-inactivating type. When compared with the corresponding values for activation and inactivation of the macroscopic current, Lee and Deutsch, 1990. these values have the same voltage dependence but are somewhat shorter than those obtained from whole-cell patch clamp studies (also included in Table III ; Cahalan et al., 1985; Deutsch et al., 1986; Lee and Deutsch, 1990) . In summary, this K + channel opened upon membrane depolarization with a delay that was voltage dependent. Once open, especially as a result of strong depolarization, the channel remained open for an extended period, except as interrupted by intermittent brief closures of ~ 1 ms. When the channel closed for a period longer than 1 ms, it was then rare for it to reopen during 5 s of maintained depolarization. The length of this burst of activity before the onset of inactivation was not convincingly voltage dependent. Ensembles of this channel reproduce the voltage dependence and most of the characteristics of the voltage-gated macroscopic current, suggesting strongly that this channel underlies the majority of whole-cell current.
How Good Is Voltage Control?
We often observed changes of the single-channel amplitude during a step depolarization to a fixed pipette potential. An example of this phenomenon is shown in Three consecutive depolarizations of this patch, which contained a single voltagegated channel, demonstrate the variable nature of the effect. A decline in openchannel current, as illustrated in the middle trace, was observed periodically during recording in ~25% of all patches with channels; this behavior was even more common in recordings from cells in normal Ringer's and was almost universal in patches with three or four channels. Our interpretation of such behavior is that the opening of the channel(s) in the patch is sometimes sufficient to perturb the membrane potential of the whole cell, even in high K ÷ bathing media. When the total cell conductance is relatively low, the opening of K + channels in the patch will tend to hyperpolarize the potential of the cell, changing the absolute potential across the patch and reducing the driving force for K + movement through the open channels in the patch. For example, assuming 10 pS unitary conductance and a reversal potential of -83 mV (Fig. 2) mV. This change in whole-cell membrane potential was also reflected in the holding current after the channel closed. The rate at which the closed-channel holding current relaxed indicates that total cell resistance could be _> 100 GI), equivalent to one or zero open voltage-gated channels in the entire cell (analysis after Fenwick et al., 1982) .
We should emphasize that in the construction of single-channel ensembles as in Fig. 4 , we were very careful to exclude records displaying evidence of membrane potential instability as exhibited in Fig. 5 .
Noninactivating Channel
A different type of single-channel behavior was observed in 15 of 80 patches with unitary activity. This channel did not inactivate and could be continuously active at all voltages. Fig. 6 shows 5.12 s out of almost 4 rain of such activity observed in a patch held at 0 inV. This channel was characterized by both rapid flickering during open-channel bursts and intermittent silent periods. The voltage dependence of this conductance is shown in Fig. 7 for a voltage ramp from +20 to -70 mV. The reversal potential was negative to -80 mV, indicating that this channel is K + selective.
This channel type was usually active immediately or soon after seal formation, and rarely persisted more than a few minutes. It was observed together with voltagegated, inactivating channels of the type described above, and by itself. The unitary conductance of the noninactivating channel was 8.2 -+ 0.7 pS (n = 3) when analyzed in the range negative to 0 mV; single-channel magnitude was less than expected at +2C -7C -10C mV 1 pAl__ 0.5 s FIGURE 7, Noninactivating outward current during a voltage ramp. The patch of Fig. 6 was subjected to a 2.0-s voltage ramp from +20 to -70 mV and back to +20 mV. Holding potential remained 0 mV. Seal resistance was ~ 45 Gll. Extrapolated reversal potential was approximately -100 mV. The low-pass filter was 100 Hz.
24 .[00 THE JOURNAL OF GENERAL PHYSIOLOGY -VOLUME 99" 1992 potentials > 0 mV. This unitary conductance is not significantly different from that determined for the inactivating channel.
To further characterize this current, we analyzed the dwell times of the singlechannel records. The open-channel dwell-time histogram for the complete data set of Fig. 6 (Fig. 8A) was fit with two exponentials to give time constants of 1.8 and 4.2 ms. The dwell time histogram for the closed state at 0 mV (Fig. 8 B ) was fit with four time constants of 0.5, 4.9, 24, and 224 ms. The time constant of ~0.5 ms characterizes the relaxation of baseline noise at this filtering and is unlikely to describe a true channel process. The averages for three such analyses are presented in Table IV . As was the case for the inactivating channels, there was no noticeable voltage dependence of either the open or closed times in the rangeof -20 to +20 mV, and there was a monotonic increase in amplitude variance with increasing depolarization as revealed in all-points amplitude histograms (data not shown). However, the kinetic parameters needed to describe the noninactivating channel are more complex. The distinguishing feature of this channel is that it has closed-time components that are comparable to, or longer than, the mean open time, whereas excursions to the closed state for the voltage-gated channel are very brief until the onset of inactivation. As the noninactivating channel appeared to be K + selective and usually active only immediately after seal formation, we hypothesized that this could be a Ca2+-activated K + channel similar to that underlying the occasional transient activity during patch formation on human B lymphocytes and rat thymocytes reported by Mahaut-Smith and Schlichter (1989) . However, we could neither activate nor sustain the activity of this channel in cell-attached patches on human T cells using bath-applied Ca 2+ ionophores (A23187 and ionomycin, at concentrations up to 1 ~M) under conditions expected to increase intracellular free Ca 2+ (Fasolato and Pozzan, 1989 ; Mahaut- These data were sampled at 5 kHz and filtered at 500 Hz for patches observed as described in Fig. 6 . O and C are open and closed dwell times, respectively. *The longest time constant was highly variable and dependent on which interval of data was used for analysis; we excluded occasional silent periods of more than a few seconds duration.
Smith and Schlichter, 1989; Grinstein and Smith, 1990) . We were also unable to provoke or inhibit channel activity by positive or negative pressure.
Charybdotoxin-insensitive Current in Whole-Cell Mode
Diversity of K + channels was also manifested in whole-cell mode. Typically, outward current elicited by strong depolarization includes the normal, inactivating current and a small component of noninactivating plateau current. During long-term, sustained depolarization, even the plateau current tends to diminish with time, leaving a residual amount of activity that is sometimes sufficiently quiet to be able to distinguish individual unitary events in whole-cell mode (Cahalan et al., 1985; Deutsch and Lee, 1989; Lee and Deutsch, 1990) . Fig. 9B is an example of such residual activity. Cahalan and co-workers (1985) interpreted residual channel activity . ChTX-sensitive and -insensitive whole-cell currents. This was an antibody-selected and -adhered cell. A shows whole-cell voltage-gated current in response to depolarization from -70 to +50 mV. The "control" trace was taken 67 min after entering whole-cell configuration. The cell was held at +30 mV for a few minutes, and then residual single-channel activity was recorded and a sample is shown in B. 8 min after the recording shown in B, a macropipette containing 50 nM ChTX in Ringer's solution plus 0.1% BSA was brought within 30 Ixm of the cell. After 1 min the trace shown in C was recorded. The cell was then repolarized to -70 mV and the macroscopic current elicited by a step from -70 mV to +50 mV was recorded (A, "50 nM ChTX"). The "recovery" trace was taken 6 min after ChTX was removed. All macroscopic current records were sampled at 20 kHz for the first 25.6 ms of the pulse and at 500 Hz for the remainder of the pulse and filtered at 3 kHz. All single-channel recordings in this experiment were 79 s in duration, sampled at 2 kHz, and filtered at 493 Hz.
as reactivation of previously inactivated voltage-gated channels. However, this has been difficult to prove, and the following experiments suggest otherwise.
To identify the components of the whole-cell current, we used ChTX, which inhibits the voltage-gated K + current of T lymphocytes with a Ki of ~ 1 nM (Price et al., 1989; Sands et al., 1989) . As shown in Fig. 9 , for a cell in whole-cell configuration, we obtained the macroscopic current for a voltage step to +50 mV (control curve, Fig. 9 A ) and the single-channel currents remaining after prolonged depolarization to +30 mV (Fig. 9 B) . When this cell was moved into the stream of a macropipette containing 50 nM ChTX, it still showed residual unitary events (Fig. 9 C) . Upon repolarization in the continued presence of 50 nM ChTX, the transient, inactivating current was reduced by 93% from control (Fig. 9 A) . Removal of ChTX resulted in full recovery of the voltage-gated macroscopic K + current ("Recovery" curve, Fig. 9A ).
The effect of ChTX, if any, can be inferred from the closed-time duration. The proportion of time that all channels were closed in the experiment shown in Fig. 9 was estimated from the areas under Gaussian-fitted all-points amplitude histograms (not shown). The amplitude histogram was predominantly bimodal, with a large closed-channel peak and a smaller distribution of open channels centered about 0.7 pA. The proportion of time that all channels were closed in the absence and presence of ChTX was 56 and 69%, respectively. Similar results were obtained for this cell held at 0 mV, and from dwell time analyses. The increase in the proportion of time that channels were closed in the presence of ChTX was reversible. The number of channels in this cell, calculated from the ratio of peak macroscopic current to single-channel current, 360 pA/1.3 pA per channel at +50 mV, was 276. If the single-channel currents form a homogeneous population underlying the macroscopic current, the steady-state probability of a single channel being open in the absence of ChTX was [I -(0.56) 1/276] = 0.002. In the presence of ChTX the steady-state probability of a single channel being open would be 0.002 x 0.067 = 0.00013 if the steady-state currents are ChTX sensitive, and the steady-state probability of a single channel being closed would be (1 -0.00013) = 0.99987. The probability that no channels would be open would be (0.99987) 276 = 0.96, which is significantly larger than 0.69 obtained from analysis of the amplitude histograms of the experiment presented in Fig. 9 C. We therefore conclude that the observed residual singlechannel activity in the presence of ChTX cannot be explained by unblock of channels during the time of our measurements, and that much of the single-channel activity was insensitive to ChTX. Fig. 10 A displays the current-voltage relations for another cell in the presence of 10 nM ChTX. Maximum current amplitude (peak) and the current amplitude at the end of 1.4 s (plateau) were plotted separately. Both currents increased with depolarization, but each had a different threshold for activation and a different sensitivity to voltage. Threshold for activation of the peak current was approximately -40 mV, as reported previously for the voltage-gated, inactivating current (Cahalan et al., 1985; Deutsch et al., 1986) , whereas activation of the plateau current was most prominent positive to 0 inV.
The residual plateau current varied considerably in magnitude from cell to cell, and especially from donor to donor, and it decreased with time in whole-cell configuration when using a pipette solution containing a high concentration of F-. In Fig. 10 B, the upper trace shows the current in response to a step to +50 mV in the presence of 10 nM ChTX. The middle trace, marked +50% shows the current in response to the same protocol 23 min later. The peak current remained the same, but the plateau was smaller. The difference record, +50 minus +50* (bottom trace), suggests that either there is time-dependent conversion of the plateau current into an inactivating form, or that there is a slow-activating, noninactivating component that is labile in whole-cell mode. Similar results were obtained at other voltages. Voltage dependence of ChTX-insensitive current. An antibody-selected and -adhered T lymphocyte was placed into whole-cell configuration in the presence of 10 nM ChTX. (A) Current-voltage relation for ChTX-insensitive current. The cell was held at -70 mV and depolarized to a series of voltages in the period from 8.5 to 14.5 min after entering whole-cell configuration. This graph shows peak current and plateau current at 1.4 s as a function of voltage. Note different scales. (B) Decrease in plateau current as a function of time after entering whoSe-cell configuration. The upper trace is the current in response to a 1.4-s step from -70 to +50 mV in the presence of 10 nM ChTX (this is the +50-mV point in the graph in A). The middle trace is the current in response to the same voltage step 23 rain later. The bottom trace is the difference of upper -middle. The sampling rate was 500 Hz, and the data were filtered at 2 kHz.
The small size of the residual plateau current made an unambiguous determination of its reversal potential difficult. Nevertheless, the residual outward current appears to be carried by K + based on experiments using intracellular blockers. When we used a pipette solution that contained 130 mM CsF in place of an equal amount of KF, a very small voltage-dependent, inactivating current remained at positive potentials, although significant inward "tail" current still occurred on repolarization (data not shown). However, no distinguishable unitary events of any kind could be seen at depolarized voltages, suggesting that the small remaining outward current was the result of very low Cs + permeation. When the pipette solution contained 140 mM TEA-CI in place of KF, no voltage-gated current of any sort, including tail currents, could be elicited, and no unitary events could be detected.
Further evidence for a ChTX-insensitive K + channel comes from experiments using excised patches. In the upper trace of Fig. 11 , depolarization to 0 mV elicits the opening of two or three channels in an outside-out patch. After adding 19 nM ChTX to the bath (middle trace), only a late-opening channel was observed. When 10 mM TEA + was added in addition to the ChTX (bottom trace), the unitary amplitude of the late-opening channel was approximately halved. Reduction of single-channel amplitude by TEA is a signature of K ÷ channels (e.g., DeCoursey et al., 1987) . It is unlikely that this ChTX-insensitive K + channel is the human counterpart to the ChTX-insensitive "1 type" K + channel described in murine lymphocytes and thymo-
pAl
ChTX, TEA FIGURE 11. Effect of blockers on single-channel currents. PBMC were allowed to attach to a clean tissue culture grade plastic Petri dish in normal saline. A flattened cell was placed into whole-cell configuration, and the pipette was pulled away to yield an excised outside-out patch. This was held at -90 mV and depolarized to 0 mV to elicit voltage-gated singlechannel currents. The upper trace shows the result in the absence of any blocker, the middle trace is the result in the presence of 19 nM ChTX, and the bottom trace is the result in the presence of 17.5 nM ChTX and 10 mM TEA (with extracellular K + reduced to 4.6 mM). The voltage step is at the beginning of each trace. The sampling rate was 2 kHz, and data were filtered at 200 Hz. These data are representative of three such experiments to determine the effect of ChTX on an excised outside-out patch, although this is the only example in which both ChTX and TEA were used simultaneously. cytes, because it does not exhibit the hypersensitivity to TEA + that distinguishes the murine channel (DeCoursey et al., 1987; Lewis and Cahalan, 1988) .
DISCUSSION
We were able to distinguish at least three different K ÷ channel behaviors in normal, quiescent human peripheral blood T lymphocytes. These currents have different kinetics, voltage sensitivity, and pharmacology; all appeared to have the same unitary conductance of ~ lO pS.
Voltage-gated Current
The most prevalent channel was voltage gated and inactivating. Though patches exhibiting activity contained 1.7 channels per patch, it was impossible to know whether patches containing no activity were actually devoid of channels because some permanent inactivation occurred as a result of patch formation (Lee, S.C., and C. Deutsch, unpublished observations) .
Despite the apparent lability of channels in cell-attached recording, the kinetics of the voltage-gated channel were highly consistent among cell-attached patches and did not change appreciably with time of recording. Ensemble averages of the predominant channel showed activation and inactivation that were modeled well with the same Hodgkin-Huxley formulation used to describe the voltage-gated current in whole-cell patch clamp recording (but see below). Although the relative rates of activation and inactivation were essentially the same for both the ensemble and whole-cell currents, the absolute rates were somewhat faster in the single-channel ensemble currents. A priori we would have expected the opposite result. In whole-cell configuration, the kinetics of the voltage-gated outward current become faster with time, and the rapidity and extent to which this occurs depends on the major anion in the pipette solution (Cahalan et al., 1985; Deutsch et al., 1986) . The rate of inactivation of K ÷ channels can be altered by experimental conditions. For example, IK(A) currents observed in cell-attached patches have faster inactivation rates than the same currents observed in excised inside-out patches (Ruppersberg et al., 1991b) . Additionally, faster kinetics could be due to a local increase in intracellular Ca 2+ concentration induced by patch formation, which would lead to an increase in the rate of inactivation of the lymphocyte K + channel (Grissmer and Cahalan, 1989 ), although we would expect such an effect to be transient. Since the kinetics in our recordings are consistent and stable, the faster inactivation kinetics probably reflect the true rate of inactivation in the intact cell.
In a few cases, there was clear evidence of a voltage-gated channel that inactivated three-to fourfold slower than the predominant one. Unitary amplitude and appearance of this conductance were essentially the same as the more quickly inactivating channel. This behavior could indicate the presence of a distinct channel, or it could reflect a variation or modification of one basic type due to endogenous regulators.
The unitary conductance of the voltage-gated channel derived from cell-attached patches was somewhat less than that observed in whole-cell and excised outside-out patches. This was probably due to a reduction in the electrochemical driving force for K + due to a voltage shift in whole-cell potential when channels in the patch were open. To observe channels in cell-attached mode at full amplitude, the conductance of the whole-cell membrane must be much greater than that of the cell-attached patch (Fenwick et al., 1982; Fischmeister et al., 1986) .
The unitary conductance of the inactivating channel decreased at positive potentials. Deviation from ohmic behavior was not usually seen in whole-cell macroscopic peak current-voltage relations until potentials greater than or equal to +50 mV (Cahalan et al., 1985; Deutsch et al., 1986) . This reduction in unitary conductance could reflect the presence of a voltage-sensitive, endogenous modulator, as Na ÷ and Mg 2+ can be for some K ÷ channels (Marty, 1983; Matsuda et al., 1987) . In lymphocytes we could detect no modulation of whole-cell current with free [Mg 2÷] up to 2 mM in the pipette; but when we recorded whole-cell current with a pipette solution containing 16 mM Na +, there was a significant decrease from the expected voltage-gated current at potentials greater than or equal to -10 mV (Lee, S. C., and C. Deutsch, unpublished observations). Since normal [Na+]i in T lymphocytes is ~ 20 mM , Na + could be an important modulator of K ÷ channel function in the intact cell. The [Na+]i in cells bathed in high K + may, however, be lower than 20 mM.
Finally, we noted that a Hodgkin-Huxley model gave a good representation of the ensemble and whole-cell currents. However, because there is a 50-100-fold difference between the activation and inactivation time constants, this model would not be very sensitive to deviations from its assumptions. In particular, the Hodgkin-Huxley model assumes that activation and inactivation are independent processes triggered simultaneously by the voltage step and that inactivation proceeds at the same rate from both open and closed states of the channel. Our data are more consistent with a model in which inactivation is coupled to activation and occurs preferentially when the channel is open, as we have argued before on the basis of different data (Lee and Deutsch, 1990) . The partially coupled kinetic model developed by Zagotta and Aldrich (1990) to describe the Shaker A-type K ÷ channel also provides a reasonable description of this lymphocyte K + channel. However, in lymphocytes the closed-toinactivated state transition needed to model the Shaker channel is not required. DeCoursey (1990) also reported strong evidence that inactivation can only occur from the open state of a rat alveolar K + channel that is very similar to the T cell channel. Moreover, recent molecular biological studies of cloned neuronal Ix(A) channels indicate that inactivation occurs from an open state (Ruppersberg et al., 1991a) .
Noninactivating Current
The other major type of unitary event observed in cell-attached patches appeared to be both noninactivating and non-voltage gated, and required kinetic parameters different from those of the voltage-gated inactivating channel to describe its behavior. The observed unitary conductance of the noninactivating channel was the same as that of the inactivating channel.
One hypothesis is that this noninactivating channel could be a CaZ+-activated K + channel, triggered by a transient increase in intracellular Ca P+ concentration (i.e., during patch formation). However, we were unable to demonstrate in experiments with calcium ionophores that the noninactivating channel was Ca 2+ sensitive. It is possible that Ca 2+ does not gate this channel, or that other factors might have masked an ionophore-induced response, such as the large Ca2+-buffering capacity of T lymphocytes (Ishida and Chused, 1988) , desensitization of the Ca2+-activated channel (Mahaut-Smith and Schlichter, 1989) , and/or a very low density of such channels on the T cell surface (Grissmer et al., 1992) .
Whole-Cell Current
Long-term depolarization in whole-cell configuration elicited a noninactivating or very slowly inactivating plateau current that was not blocked by ChTX. Singlechannel currents observed in whole-cell and excised outside-out patches were not different in amplitude or appearance from the prevalent, inactivating channel, and did not exhibit the characteristic "flickering" behavior of the noninactivating channel observed in cell-attached patches. However, reactivation of the quickly inactivating channel in cell-attached and excised outside-out patches was observed too infre-quently to account for the magnitude of the plateau current, suggesting that the residual current was produced by a different channel type. Moreover, ChTX experiments such as those shown in Figs. 9 and 11 indicated that a significant fraction of residual channel activity at sustained depolarized voltages was due to a different, ChTX-insensitive channel type. We have not quantified the selectivity of this channel, but the experiments with intracellular Cs + and both intracellular and extracellular TEA suggest that most of the residual current was carried by K +.
The magnitude of the plateau current often decreases with time in whole-cell configuration, especially with high [F-] in the pipette solution. Difference currents (Fig. 10 B) suggest that the component that is lost from the plateau is voltage gated, with threshold near 0 mV, but slowly activating and very slowly inactivating or noninactivating. A slowly rising, noninactivating outward current appearing during voltage steps positive to 0 mV and with apparent reversal around 0 mV has been reported before (Cahalan et al., 1985) . Such current could contribute to the time-dependent changes observed typically in the first 10-20 min of whole-cell patch clamp recording in T lymphocytes. These changes include a shift of threshold to more negative voltages and the shortening of activation and inactivation time constants (Cahalan et al., 1985; Deutsch et al., 1986) . The threshold shift has been interpreted as deriving from the dissipation of a junction potential, but this shift is insufficient to account for the changes in kinetics. Apparent increase in the rates of activation and inactivation of total current could occur as the slowly activating, noninactivating component disappears. The predominant, inactivating current would remain unchanged, as suggested by the similarity between the kinetic parameters derived from cell-attached and long-term whole-cell recordings. In preliminary experiments using the less invasive whole-cell perforated patch recording technique (Horn and Marty, 1988) , we observed plateau current that was typically ~ 6% of the peak current at +50 mV, and was stable for tens of minutes (Lee, S. C., and C. Deutsch, unpublished observations).
Physiology
We have presented evidence from cell-attached patch recording that there are at least two distinct K+ channel types in quiescent human T lymphocytes. There are also three other behaviors observed in cell-attached, excised patch or whole-cell recording, including (a) slower inactivation, (b) noninactivation, and (c) ChTX insensitivity, which implicate other channel types and/or modifications of the basic types.
What is the role of each of these channels in T cell function? Thus far, a role for the voltage-gated K + channel has been proposed for T lymphocytes in cell volume regulation Lee et al., 1988; Grinstein and Smith, 1990) , mitogen-stimulated proliferation Deutsch et al., 1986; Price et al., 1989) , cytotoxic killing (Schlichter et al., 1986) , and mitogen-stimulated lymphokine elaboration (Price et al., 1989) and gene expression (Freedman et al., 1991) . However, other K + channel types or behaviors may also play a role in these cell functions. For example, though ChTX is > 1,000-fold more potent than all the non-toxin blockers of the voltage-gated K + conductance, it does not fully inhibit and is not as effective as less-specific blockers against either regulatory volume decrease (Grinstein and Smith, 1990) or mitogen-stimulated proliferation (Price et al., 1989) , suggesting that other K + pathways are important in these cellular responses. Steady-state levels of activation-associated mRNA, IL-2 elaboration, and proliferation are all influenced by extracellular [K ÷] and/or membrane potential (Freedman et al., 1991) .
Ca2+-dependent, K + blocker-sensitive hyperpolarization is elicited as a result of mitogen addition to T lymphocytes (Tsien et al., 1982; Wilson and Chused, 1985; Lewis and Cahalan, 1989; Grinstein and Smith, 1990) , and it has been proposed that this serves to promote the entry of extraceUular Ca z+ necessary for cell proliferation (Gelfand et al., 1987) . Nevertheless, Ca~+-activated K + conductance is not correlated with cell proliferation in the same manner as the voltage-gated, inactivating conductance. Inhibition of the Ca2+-induced hyperpolarization by ChTX requires a higher concentration of toxin (Grinstein and Smith, 1990 ) than that which is effective both to block the voltage-gated channel and to inhibit proliferation (Price et al., 1989) .
We have identified at least one type of voltage-gated, ChTX-insensitive but TEA-sensitive K + current. This current slowly decreases in whole-cell recording configuration, but may be amenable to further study in perforated patch mode. A K ÷ channel with these properties could provide a secondary, Ca 2+-and ChTX-insensitive pathway for K + movement during volume regulation, as proposed by Grinstein and Smith (1990) . Such channel properties may be sufficient to account for the effects of ChTX on proliferation and volume regulation that distinguish this agent from other, less specific blockers of T cell K ÷ channels.
In summary, we have characterized a voltage-gated, inactivating K + channel on human T lymphocytes that appears to underlie most, but not all, of the whole-cell current. Differences in kinetics between single-channel ensembles and macroscopic currents suggest that subtypes of the basic channel and/or other K + channel types contribute to the whole-cell current. Among these are transient, noninactivating channels and ChTX-insensitive channels. All of these channel types are likely to be important in our understanding of human T lymphocyte physiology.
